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A B S T R A C T
The aim of this study is to evaluate comprehensively the eﬀect of spray angle, spray distance and gun traverse
speed on the microstructure and phase composition of HVOF sprayed WC-17 coatings. An experimental setup
that enables the isolation of each one of the kinematic parameters and the systemic study of their interplay is
employed. A mechanism of particle partition and WC-cluster rebounding at short distances and oblique spray
angles is proposed. It is revealed that small angle inclinations beneﬁt notably the WC distribution in the coatings
sprayed at long stand-oﬀ distances. Gun traverse speed, aﬀects the oxygen content in the coating via cumulative
superﬁcial oxide scales formed on the as-sprayed coating surface during deposition. Metallic W continuous rims
are seen to engulf small splats, suggesting crystallization that occurred in-ﬂight.
1. Introduction
Hardmetal, thermally sprayed coatings have been a valuable process
to a number of industries due to the increase in the work life of coated
parts that operate in intense wear/corrosion environments. Thermal
spray processes oﬀer a fast and practical way of depositing thick
(> 100 μm) coatings owing to their high deposition rates. One of the
main issues of the thermally sprayed hardmetal coatings family is the
carbon loss due to oxidation and thermal dissolution that some WC
grains experience during the thermal spray process [1]. In order to limit
the deleterious eﬀects of high deposition temperatures, combustion
thermal spray methods (HVOF and HVAF) are preferred due to their
high velocity gas streams at relatively low deposition temperatures
[1–3]. In the last few years, the hardmetal coating industry has been
experiencing an expansion in the demand for coating parts of increas-
ingly more complex shape [4]. Yet, all thermal spray methods are line-
of-sight processes and this entails ﬂuctuations in (i) spray angle, (ii)
stand-oﬀ distance (SoD) and (iii) gun traverse speed when spraying a
complex geometry via rotation or translation of the part in front of the
thermal spray gun. Variations in the aforementioned kinematic process
parameters are highly inﬂuential on the state of particle impact on the
substrate and thus on the properties of the ﬁnal coating. As a result of
that, several authors have focused on (i) the inﬂuence of the spray ki-
nematic parameters on coatings characteristics [4–13] and (ii) on
programming complex oﬀ-line robot paths that follow the surfaces of
the coated part, aiming at maintaining the spray kinematic parameters
ﬁxed [14,15]. The literature that examines the inﬂuence of spray ki-
nematic parameters on coating properties in many cases does not ac-
count for the interplay and the synergistic eﬀects of those parameters,
rather, the kinematic parameters are examined on their own merit. This
study is a part of a work that probes in to the interplay of the spray
kinematic parameters as well as their individual eﬀect on various WC-
Co coating properties. This approach aims to contribute to the existing
knowledge meaningfully, since when a complex geometry is thermally
sprayed, the spray kinematic parameters vary simultaneously, in an
integrated manner. In part A of this work [16], the eﬀect of spray ki-
nematic parameters on deposition rate, residual stresses, porosity and
microhardness is discussed while this text focuses in microstructure,
phase composition and decarburization of coatings.
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2. Experimental
2.1. Feedstock and spray process
A commercially available agglomerate sintered powder of WC- 17Co
mass% [17] was used for the deposition of coatings. The detailed
chemical composition and size distribution of the powder are presented
in Table 1 and structure of powder particles can be seen in Fig. 1. The
powder used shows the median size to equal about 18.9 μm. The
measured particle size distribution ranges from 12.5 μm–28.1 μm at
10% and 90% of the cumulative respectively.
The samples were sprayed using Monitor Coatings (UK) HVOF torch
which has been designed by Dr. Spyros Kamnis and built in-house. The
patented technology [18] comprises of an isentropic conical plug nozzle
to accelerate the exhaust gases to supersonic velocities reaching Mach
2.7. The torch uses a fuel-rich mixture of gas fuels and oxidizers and a
90° nozzle conﬁgurations. The supersonic jet is a single circular annular
exhaust extending around a centrally located aerospike. The process
parameters for the gun were previously optimized in-house using
Oseir's SprayWatch system for achieving the best microstructure, the
highest microhardness and optimum deposition eﬃciency [16].
2.2. Experimental conﬁguration
Two sets of experiments were conducted in order to produce results
that exhibit the individual inﬂuence of each one of the kinematic
parameters as well as their interplay. First, a rectangular substrate was
ﬁxed on a turntable and rotated around the HVOF gun and the second
set of experiments was performed with the HVOF gun traversing line-
arly over the substrates at a combination of diﬀerent spray angles,
stand-oﬀ distances and traverse speeds. A detailed schematic re-
presentation of the experiments can be found in [16]. The ﬁrst ex-
periment aims to exhibit a case where the combined eﬀects of varying
spray angles, stand-oﬀ distances and traverse speeds occur. After the
experiment ﬁve sites of interest (S1–S5) were taken across its length
and examined. These sites corresponded to diﬀerent values of spray
distance, angle and traverse speed that can be viewed in Table 2. These
values resulted from the rotation of the substrate around the still HVOF
gun.
The second set of experiments examines the individual inﬂuence of
the spray kinematic parameters and probes into the interplay of spray
angle and stand-oﬀ distance in a controlled manner. The individual
values of the kinematic parameters found in table 2 were isolated and
their combinations were examined as seen in Table 3. Gun traverse
speed is examined on its own merit, since it does not aﬀect the state of
impinging particles (temperature/velocity) as spray distance and angle
do.
2.3. Microstructural characterization
After the experiments, the samples were cut and polished following
a routine developed to minimize any carbide pull-outs during polishing
substituting the ﬁnal stages of polish with silica abrasive of 40 nm.
Cross-sections of the samples were examined under the SEM (JEOL,
JSM-7100F, Surrey UK) equipped with Backscatter electron detector
(BSC) and EDS analysis. Microstructural measurements were made with
the open source image analysis java software Image J developed in
National Institutes of Health (USA) [19]. The carbide volume fractions
(f) were estimated by averaging analysis of ﬁve SEM images for each
sample. Each image captured an area of approximately 2700 μm2. The
binder mean free path (λ) was calculated by Eq. (1), a metallographic
technique of planar analysis [20] in which:
=
−λ f
N
(1 )
L (1)
where NL is the number of non-continuous WC grains intersected on a
metallographic plane by a line of unit length. For each of the ﬁve SEM
images that were examined per sample, twenty lines of unit length of
random orientation were considered for the estimation of the mean free
path (λ). The random orientation of the lines of unit length was chosen
to capture any high aspect ratio microstructural features avoiding a
directional bias. The same ﬁve sites per sample were examined with
Table 1
Powder properties.
Powder Chemical composition Size distribution
Co C Fe W D90% (μm) D10% (μm) Apparent density (g/cm3)
15–18% 4.9–5.3% Max.0.2% balance 28.1 12.5 4.4–5.2
Fig. 1. SEM micrograph of the starting powder.
Table 2
Spray kinematic parameters of the sites of interest of the rotational experiment.
Sites of interest S1 S2 S3 S4 S5
Spray angle 90° 75° 60° 45° 30°
Stand-oﬀ distance (SoD) (mm) 120 124 138 170 240
Gun traverse speed (mm/s) 502 538 670 1005 2010
Table 3
Linear experiments.
Spray angle 90° 75° 60° 45° 30°
SoD 120 mm–502 mm/s ● ● ● ● ●
SoD 138 mm–502 mm/s ● ● ● ● ●
SoD 170 mm–502 mm/s ● ● ● ● ●
SoD 240 mm–502 mm/s ● ● ● ● ●
Traverse speed 502 mm/s 670 mm/s 2010 mm/s
SoD 120 mm - Spray angle 90° ● ● ●
V. Katranidis et al. Surface & Coatings Technology 328 (2017) 499–512
500
area scan EDS (20 kV) to average the mass fraction of the oxygen in the
microstructure. For each EDS analysis the measurement was allowed to
exceed at least 20,000 counts. The phase composition of the powder
and coatings was examined by X-ray diﬀraction (XRD) (PANalytical
X'Pert Pro, 45 kV, 40 mA) utilizing Cu Kα (λ= 0.15406 nm) radiation
and incidence angle of 1°. The diﬀraction data were collected over a
range of 2θ (30°–50°), the step size was 0.01° and the time per step was
2 s. The XPS measurements were carried out by K-APLHA+-Thermo
Scientiﬁc photoelectron Spectrometer (UK) with monochromatic Al Kα
(1486.6 eV) X-ray source. All binding energies were calibrated by using
C1s peak with a ﬁxed valued of 285 eV. The XPS analysis was con-
ducted on the as-sprayed surface of a sample of the coatings. Quanti-
ﬁcation of results does not take place in this work. The error bars in the
results of this work indicate the standard error of measurement.
3. Results and discussion
3.1. Microstructural analysis
The coatings exhibited a rich variety of microstructural features that
resulted from the variations in spray kinematic parameters. Considering
the powder mass fraction and densities, the Vol% of WC is calculated to
be 76 Vol% (dash line in Fig. 2). It is seen that the inﬂuence of spray
angle to the WC volume fraction is more important than the eﬀect of
spray distance. The highest WC volume fraction is found in coatings
sprayed at 120 mm, 90° (52%). Samples sprayed at 120 mm, 90° are
considered optimum with respect to the used equipment and starting
powder characteristics and the reduction in WC Vol%, from the theo-
retical in the starting powder, is at similar levels with related literature
[21,22]. The shortest spray distance (120 mm) seems to be aﬀected by
the spray angle more intensely than the longer SoDs, showing a 38%
reduction in WC volume fraction from 90° to 30°, where it appears to be
the lowest of all experiments (at 32% WC Vol%). Moreover, for the case
of 120 mm SoD, the sharpest decrease in WC volume fraction is ob-
served from 45° to 30°. On the contrary, coatings sprayed at 240 mm
appear to be least aﬀected by spray angle showing only 20% reduction
in WC volume fraction from 90° to 30°, where the coating sprayed at
240 mm presents the highest WC Vol% from the rest spray distances.
This complete reversal of ability to retain WC between 120 mm, 90° and
240 mm, 30° is evidence of the signiﬁcant interplay of spray distance-
angle that will be discussed shortly. The rest of the examined stand-oﬀ
distances exhibit intermediate levels of WC volume fraction with the
138 mm SoD at−24% and the 170 mm SoD at−22% from 90° to 30°.
An interesting observation in Fig. 2 is that all the examined spray
distances show evidence of mild improvement of the WC volume frac-
tion from 90° to 75°, except the case of 120 mm, where the decline is
continuous from 90° to 30°. The data points from the rotational ex-
periment (combined inﬂuence of spray distance, angle and traverse
speed), maintain the same carbide volume fraction (49–50%) from S1
to S2 and show a steady continuous decline from S2 to S5.
Binder mean free path (Fig. 3a) largely follows the opposite trends
seen in WC Vol% as they are directly and inversely proportional. A good
correlation between Fig. 3a and Fig. 2 is an indicator that changes in
binder mean free path are due to depletion of the WC phase in the
microstructure and, conversely, a bad correlation indicates that changes
to binder mean free path are a result of the distribution of the WC
grains. As expected, Co-rich binder mean free path is minimum
(511 nm) at 120 mm stand-oﬀ distance and at 90° spray angle which are
the optimum conditions and similar results have been reported in
[22–24].
In the short spray distances studied (120 mm and 138 mm), as the
spray angle gets more oblique, the binder mean free path is moderately
increased until 45° (20–30% increase from 90°) and then, it violently
rises from 45° to 30° (40–50% increase from 45° to 30°). As the spray
distance is elongated, the behavior of binder mean free path with the
changing spray angle is transformed. It is observed that at 170 mm and
240 mm SoD, the binder mean free path is actually beneﬁted from 90°
to 75° spray angle, before it starts to escalade from 75° to 30°. This trend
can be justiﬁed (i) in part, due to the corresponding mild increase in WC
Vol% in Fig. 2 and (ii) due to the better WC distribution that occurs
with oblique spray angles, as seen in Fig. 4a, b, c where cross-sections of
coatings sprayed at 240 mm, at 90°, 75° and 30° are presented. Fur-
thermore, in the range of 60°–30°, the binder mean free path of coatings
sprayed at 170 mm is less aﬀected (versus shorter spray distances) and
in the ones sprayed at 240 mm, it appears to be relatively stable. That
demonstrates a gradual diminish of the mechanism that is responsible
for the increase of the mean free path at the shorter spray distances, in
the range of 45°–30° spray angle.
Regarding the inﬂuence of stand-oﬀ distance and ignoring spray
angle, generally, in all the examined spray angles besides the extreme
case of 30°, the binder mean free path seems to be lowest at short spray
distances. This is because at short SoDs, particles do not have adequate
exposure time to the high temperatures of the jet and in the vast ma-
jority of them, decarburization processes have not progressed to a
visible eﬀect. On-site average particle temperature measurement at
120 mm from the nozzle was close to 1500 K [16], which is lower than
the melting point of Co. This measurement does not mean that there is
no Co melting or WC dissolution at 120 mm in an absolute sense, since
very small powder particles will reach higher temperatures earlier, yet
it indicates the temperature of the expected majority of particles in the
HVOF jet. As a result, the vast plurality of the smallest WC grains (most
prone to complete thermal dissolution and decarburization [25]) are
retained in the microstructure, reducing the binder mean free path.
Secondly, as the spray distance is elongated, two-phase (solid-liquid)
particles are able to form in ﬂight due to the prolonged dwell time in
the HVOF jet (1800 K average particle temperature at 240 mm SoD
[16]). Two-phase particle impacts yield a WC loss mechanism via large
carbide embossing - rebounding at the splat formation [26,27] and this
mechanism becomes increasingly relevant as the spray distance is
elongated. However it is highly unlikely that two-phase particles have
formed at the short standoﬀ distances and that favors them in respect of
WC retention over the longer SoDs, at spray angles up to 45°. On the
contrary, at 45°–30°, the WC loss at short spray distances surpasses
overwhelmingly the one seen for longer distances. This must be due to a
diﬀerent mechanism taking place at particle impact for short SoDs and
extreme oblique spray angles, since particles are expected to arrive
mostly solid at such short distances and thus, the embossing of in-
dividual WC grains from the surrounding binder is not possible. The
mechanism of WC rebounding for short stand-oﬀ distances is discussed
in more detail further into the text.Fig. 2. Inﬂuence of spray angle and spray distance on the Vol% of WC.
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The gun traverse speed does not inﬂuence the binder mean free path
or WC volume fraction on its own.
In Fig. 3b, the standard deviations of the measurements of binder
mean free path are presented as absolute values. This representation
better illustrates the scatter of the measurements of binder mean free
path for each sample. It is seen that the general trend is to have a mild
rise in measurement scatter as the spray angle is reduced from 90° to
30°. Yet, in the case of 240 mm stand-oﬀ distance, the highest scatter is
Fig. 3. a) Binder mean free path vs spray angle, b) SD of mean free path measurements vs spray angle.
Fig. 4. SEM Backscatter images of samples sprayed at 240 mm SoD at a) 90°, b) 75° and c) 30° and at 120 mm SoD at d) 90°, e) 45° and f) 30°.
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marked at a spray angle of 90°. This is also the highest measurement
scatter in all the samples. This observation is important because it in-
dicates a high level of non-uniformity in the microstructure of this
sample (240 mm SoD, 90°) that is largely replaced by a relatively uni-
form microstructure at 75° and onwards. Looking at Fig. 4a, b, at
240 mm and 90°, large Co-rich lakes are identiﬁed in the coating cross-
section that seem to largely disappear at 75° and onwards, giving place
to a more uniform distribution of WC in the microstructure. The large
Co-rich lakes in Fig. 4a appear as completely dark areas, due to the high
level of contrast that was used in the backscatter images. This is iden-
tiﬁed as one of the prime reason for the decrease in binder mean free
path at 90°–75° that is seen for the long spray distances (170 mm,
240 mm) in Fig. 3a. The large Co-rich lakes that exist in the micro-
structure of coatings sprayed at long stand-oﬀ distances and 90°, have
also been discussed in [16] were their negative eﬀects on microhard-
ness are presented.
In order to probe further into the sharp rise of binder mean free path
that occurs in the short stand-oﬀ distances (120 mm and 138 mm) from
45° to 30° of spray angle and the evolution of microstructures in gen-
eral, further image analysis was employed on the linear experiments.
With appropriate ﬁltering, only the largest WC grains (over 4 μm2) were
considered and counted for all SEM images. The results are shown in
Fig. 5, where a sharp decrease in the number of large WC-grains is seen
with oblique spray angles for all the spray distances.
It is revealed that the decline in large WC-grains for the samples
sprayed at 120 mm is notably more drastic than longer SoDs. The re-
duction in large WC grains from the microstructure of coatings that are
sprayed at 120 mm can be clearly seen in Fig. 4d, e, f.
Furthermore, looking at Fig. 5 at the spray angle of 90°, shorter
stand-oﬀ distances show clearly a superiority in the number of large
WC-grains in the coatings which, in addition to the better survival of
small WC from thermal dissolution compared to long SoDs, explains the
superiority of the short-SoD coatings regarding the binder mean free
path (Fig. 3a) at 90°. This occurs in part, because at longer SoDs, several
large WC-grains have partially dissolved into smaller ones via the me-
chanisms of thermal dissolution and oxidation and therefore fail to
meet the criterion of minimum WC area of 4 μm2 in order to be con-
sidered in Fig. 5. Secondly, high temperature, two-phase particles that
arrive onto the substrate at long SoDs, at 90°, are prone to loose large
WC-grains via embossing during splashing [26,27]. Yet, the most in-
teresting feature of Fig. 5 is the evolution of large WC-count from 90° to
75°. While samples sprayed at 120 mm and 138 mm (short distances)
appear to lose progressively their large WC-grains, the opposite is seen
for the long SoDs (170 mm and 240 mm). This behavior is reﬂected in
the binder mean free path evolution (Fig. 3a), at the corresponding
angles and spray distances. It is unexpected that coatings sprayed at
long spray distances present more large-WC grains at 75° than 90°.
Given that only the spray angle changes and that particles impinging
the target have the same temperature and phase composition, one
would logically expect that the embossing-rebounding mechanism that
occurs at 90° would be maintained, if not enforced at 75°, due to the
tangential component of velocity and the elongation of splat shapes that
are induced by the inclination of the spray angle. Yet, the opposite is
observed.
In part, the better retention of large-WC at 75° is due to the better
mixing of phases and distribution of WC seen in Fig. 4a vs b. The Co-
rich lakes are replaced with areas of uniform WC distribution in Fig. 4b
and so, more large WC grains might appear to exist in the examined
images at 75° versus 90°. However, this is only part of what truly occurs
at 75° since the improvement in WC distribution does not explain the
increased deposition rate that is seen for 75° from 90°, at 240 mm SoD
[16]. Further study and experimentation in the evolution of the WC
embossing-rebounding mechanism at slight spray angle inclinations is
needed to probe into this case.
3.2. Rebounding mechanism at short stand-oﬀ distances
Fig. 4d, e, f presents the crucial points in the development of the
microstructure of the coatings sprayed at short distances (120 mm) with
the decreasing spray angle. The carbide retention and distribution is
mostly maintained from 90° (Fig. 4d) to 45° (Fig. 4e) while from 45° to
30° (Fig. 4f) there is excessive loss of larger WC grains from the mi-
crostructure, that results in the sharp increase of the binder mean free
path (Fig. 3a). In the starting powder, it is seen that signiﬁcant fraction
of the WC grains are aggregated in compact WC-clusters with a very
high local ratio of WC/Co, held together by the Co-binder (Fig. 6). Also,
there is substantial porosity in the powder particles.
Fig.4d, e, f reveals that, in addition to large individual WC grains,
these WC-clusters are gradually depleted from the microstructure as the
spray angle gets oblique at the SoD of 120 mm. Vertical markers in
Fig. 4d, e, f track the splat boundaries that normally contain such WC-
clusters. The progressive shrinking of the splat thickness with de-
creasing spray angle is explained by the rebounding of the WC-clusters,
containing parts of the binder phase as well. The signiﬁcant amount of
porosity that is found in the powder particles facilitates the partition of
dense/energetic/solid WC-clusters at the moment of impact at oblique
spray angles. Essentially, due to the high local WC/Co ratio, the WC-
clusters are not softened in comparison with other sites with lower WC/
Co ratio and, as individual solid components of the powder particle held
Fig. 5. Inﬂuence of spray angle and spray distance on WC grain (> 4 μm) count.
Fig. 6. SEM backscatter detail of the used WC-Co powder showcasing WC-clusters and
porosity in a powder particle.
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together by increasingly weaker/softer Co-rich binder, they tend to
partition and rebound at impact (Fig. 7a). This is a diﬀerent mechanism
from the WC-embossing and rebounding (Fig. 7b) that is proposed by
[26,27] as it suggests the rebound of whole fractions of the powder
particle (WC + Co) that are solid at the particle impact, not just WC
grains. In addition, the mechanism of WC-cluster rebounding (Fig. 7a)
provides a good explanation for the drastic reduction in deposition rate
with oblique spray angle at short spray distances versus longer dis-
tances that is discussed in [16].
Another feature that emerges from the interplay of spray distance
and extreme oblique angles is the nature of the intersplat boundaries in
extreme oblique angles. In Fig. 4f (120 mm, 30°), the splat boundaries
are frequent and clearly distinguishable whereas in Fig. 4c (240 mm,
30°) the splat boundaries are much less evident and more curved sug-
gesting an improved intersplat conformity. A detailed comparison can
be made in Fig. 8 where focus is given on an individual splat boundary
at 120 mm, 30° (Fig. 8a) versus 240 mm, 30° (Fig. 8b). Of course, this
feature is also due to the diﬀerence in the plasticity of particles im-
pinging at the target surface. At 120 mm spray distance, particles arrive
colder but with higher velocity than at longer SoDs [16] at the target
surface. Upon impact, even if individual particles partition and parts of
them rebound (as discussed earlier), the fractions that are able to de-
form plastically utilizing their kinetic energy, are able to impart com-
pressive stresses to the coating even at extreme oblique angles [16]. The
microstructure that emerges from such energetic, mostly solid, impacts
is characterized by imperfect intersplat conformity and mechanical
interlocking of neighboring splats at sub-micron level (Fig. 8a). Con-
versely, the majority of particles that impact the target surface at
240 mm from the HVOF nozzle are partially molten and the resulting
splats are able to form a near-perfect, curvy, interfacial compliance
with neighboring splats. Yet, this does not translate into any positive
eﬀect on mechanical properties of the coating, since the compressive
residual stresses at this scenario are minimum [16] and intersplat
cracks propagate easily in the microstructure. The diﬀerent brightness
of interfacing splats seen in Fig. 8b is an indicator of diﬀerent extents of
W diﬀusion in the binder, which itself is a direct marker of WC thermal
dissolution and evidence of variable local melting of the binder phase.
Furthermore, it seems that the enhanced overall plasticity and lower
particle velocities that occur at 240 mm SoD have a positive inﬂuence
in the ability to retain WC-clusters and large WC grains in the micro-
structure (in comparison to 120 mm SoD), when sprayed at extreme
oblique angles. This is evident looking at Fig. 8a, where there are less
large WC particles than Fig. 8b. It seems that WC-clusters impacting at
240 mm are adequately soft to self - disengage upon collision and re-
main in the splat. Thus, the notable sensitivity of coatings sprayed at
short spray distances to the eﬀect of very oblique spray angles that is
seen in Fig. 2, Fig. 3a and Fig. 5 is explained by the promoted WC-
cluster rebounding that is possible due to the combination of low par-
ticle temperatures at impact and oblique spray angles.
3.3. Oxygen content in the coatings
In Fig. 9 the mass fraction of oxygen retained in the coating is
presented. The values were derived from EDS area analysis of ﬁve sites
from the cross-section for each coating. Each analyzed site had an area
of approximately 2700 μm2. Generally, the EDS measurement is prone
to inaccuracy, since oxygen is a relatively light element. However, the
relative comparison of the O mass % of the coatings allows for some
clear observations. The atmosphere in the HVOF jet is oxidizing since
there will be signiﬁcant mixing with the surrounding O-rich air [28].
Since neither spray angle nor gun traverse speed aﬀect the in-ﬂight
conditions or duration, it can be safely assumed that any observed
diﬀerence in O levels in coatings sprayed at the same SoD, is due to
post-impact oxidation that is aﬀected by spray angle or traverse speed.
Looking at Fig. 9a, oxygen mass fraction seems to show a mild positive
correlation with decreasing spray angles in all the examined SoDs.
Fig. 7. a) Mechanism of large WC grains and WC-clusters rebounding that occurs for short
spray distance and oblique angles, b) Large WC grain rebounding due to embossing that
occurs for long spray distances, when two phase-particles impinge at oblique angles.
Fig. 8. SEM micrograph showing intersplat boundary detail in coatings sprayed at a) 120 mm/30° and b) 240 mm/30°.
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There are two reasons why the oxygen content might be increased with
oblique spray angles.
First, the preferential deposition of the binder phase versus WC via
preferential rebounding of the later with oblique spray angles (Fig. 2)
can be correlated with the mild increase of O content since it is well
established that O diﬀusion occurs in the exposed melt Co-rich binder
phase during in-ﬂight [2,25,29] but not in the exposed WC grains [30].
As a result, coating compositions with higher ratios of Co-rich binder to
WC are expected to retain higher mass% of Oxygen than coatings with
higher WC retention.
Secondly, as seen in Fig. 4d, e, f the splats are decreased in size with
increased oblique spray angles due to increasing partition and re-
bounding of impinging particles. Consequently, the density of splat
boundaries is increased per unit area of the cross-section of the coat-
ings. In [2], it shown that such intersplat boundaries are rich in oxygen
stemming from the in-ﬂight reactions on the particle surface. Accord-
ingly, the increased density of splat boundaries that is seen in the EDS
examined sites from coatings deposited at oblique spray angles is ex-
pected to yield more counts for oxygen versus coatings sprayed at
normal spray angles. The stand-oﬀ distance on its own, does not appear
to have a clear eﬀect on the O content. Yet, generally coatings sprayed
at shorter distances appear to retain somewhat less oxygen due to the
reduced temperature they reach in ﬂight and reduced ﬂight dwell time.
Summing up, it is proposed that O content in the microstructure of
coatings is positively aﬀected by oblique spray angles via (i) the higher
contents of Co- rich binder in the coating that follows the preferential
WC rebounding and (ii) the increased recurrence of O-rich splat
boundaries per unit area both of which occur with oblique particle
impacts.
3.4. Superﬁcial oxidation of the as-sprayed coating layer
The O mass fraction in the rotational experiment (combined inﬂu-
ence) does not seem to be aﬀected in the angle range 90°–75° and it
increases linearly from 75° to 30°. The continuous increase in O mass %
in the rotational experiment is due to two reasons. First, because of the
associated O content increase with the oblique spray angles, as dis-
cussed above. Secondly, the rotation experiment involves change in gun
traverse speed and there is a clear positive correlation between higher
gun traverse speed and O mass% as observed in Fig. 9b, in which the
isolated eﬀect of traverse speed to O mass% is demonstrated. Since gun
traverse speed does not have any eﬀect on the dwell time or impact
angle of particles in the HVOF jet, it must inﬂuence the O absorption in
the coating via oxygen capture that occurs post particle impact, on the
as-sprayed coating. According to [31], Co starts oxidizing above 570 K
producing CoO. In cemented WC-Co, the Co-rich binder oxidizes se-
lectively until 820 K while WC suﬀers minor oxidation [32,33], the
oxide scales at these low temperatures are mostly CoWO4 with a small
amounts of WO3 [32]. In this oxidation regime, the traces of tungsten
needed for the production of CoWO4 are provided either from solution
elements, or by diﬀusion from the adjacent WC grains [32]. Above
820 K, WC and Co oxidize concurrently but the oxidation of WC is faster
because the produced WO3 is substantially more porous than CoWO4,
supplying oxygen to the oxidation front at a faster rate, thus at these
temperatures the oxide scale mainly consists of WO3 and smaller por-
tions of CoWO4 [32,34]. Furthermore, for temperatures over 900 K, Co
is able to diﬀuse long distances and the complex oxide CoWO4 rapidly
develops consuming any WO3 that was formed at lower temperatures
[34], as a result the total oxidation rate is impeded due to the lower
porosity of CoWO4 versus WO3. The development of WO3 and CoWO4
in WC-Co hardmetal at temperatures (770–1270 K), well below the
melting temperature of Co (1770 K) has also been reported in [35–39].
In addition, according to the Ellingham diagram in Fig. 10 (data from
[40] and reactions proposed in [25]), W and Co based, oxides are
thermodynamically favored against the oxidation of carbon for tem-
peratures below 1000 K. That implies that any oxidation of the WC-Co
below 1000 K will result in solid reaction products, increasing the O
content of the coating, versus CO or CO2 which are gases and therefore
not bound with the coating.
In order to probe in the low-temperature (< 1000 K) oxide scale
that can be formed on the as-coated surface, post particle impact, XPS
Fig. 9. a) O mass%: inﬂuence of spray angle and spray distance, b) O mass%: inﬂuence of
traverse speed, c) Normalized frequency of coating layers prone to oxidation through the
thickness direction in the coating (based on data from [16]).
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analysis was conducted. The sensitivity of the XPS measurement is
limited to the ﬁrst 5 to 10 atomic layers of the examined surface [41].
Fig.11 presents the XPS spectra of the relevant elements (W4f, O1s and
Co2p) from three coatings, (a) coating sprayed at 120 mm spray dis-
tance, 90° spray angle, (b) 240 mm, 90°, (c) 120 mm, 30°. The gun
traverse speed of all the coatings examined by XPS is 502 mm/s. This
set of kinematic conditions was selected for XPS analysis in order to see
if there is superﬁcial coating oxidation in the boundary cases of SOD
and spray angle that are examined in this work. Looking at the surface
condition of the coating sprayed at 120 mm, 90°, in Fig. 11a (W 4f) four
peaks are distinguishable with binding energies (BE) of 31.3 eV,
33.4 eV, 35.3 eV and 37.4 eV. The former two peaks represent the
W4f7/2 and the W4f5/2 from WC, while the latter two peaks are asso-
ciated with W4f7/2 and the W4f5/2 from WO3 [32]. Regarding O1s
(Fig. 11a) two peaks, with close proximity in their BE are seen, one at
531.7 eV and one at 529.9 eV. The O1s peak at 531.7 eV is stronger and
represents C]O contamination of the examined surface and the peak at
529.9 eV stems from oxide scales on the sample [32]. In Fig. 11a
(Co2p), there are two prime peaks at BEs of 780.7 eV, 796.5 eV and
their corresponding satellite peaks at 786.3 eV and 802.6 eV. The two
Fig. 10. Ellingham diagram for oxides relevant to W-C-Co, data
from [40].
Fig. 11. XPS spectra of W4f, O1s, Co2p in as- sprayed coatings a) at 120 mm spray distance, 90°, 502 mm/s, b) at 240 mm spray distance, 90°, 502 mm/s, c) at 120 mm spray distance,
30°, 502 mm/s.
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main peaks at 780.7 eV, 796.5 eV represent the Co 2p3/2 and Co 2p1/2
peaks of Cobalt oxide with +2 (CoO, CoWO4) and/or +3 (Co3O4)
oxidation states [32]. The satellite peaks can provide more precise in-
formation on the oxidation state of cobalt. CoO and CoWO4 (Co2+)
normally present clear satellite peaks at BE 786.3 and 802.6 eV, while
Co3O4 does not because it contains both Co2+ and Co3+. The relative
clarity of the respective satellite peaks at 786.3 and 802.6 eV that is
seen in all the spectrums of Co2p in Fig. 11, along with the literature on
the early stages of oxidation of WC-Co discussed earlier, suggest that
superﬁcial cobalt is mostly captured in the CoWO4 oxide.
Considering the spectrums in Fig. 11b, in W4f, peaks at the same
BEs are observed as with the corresponding spectrums in Fig. 11a. The
relative intensity between the W4f7/2 and W4f5/2 peaks associated with
WO3 and the respective peaks associated with WC from Fig. 11a and b is
only lightly higher (5%) in Fig. 11b, suggesting similar levels of su-
perﬁcial oxidation of W between the two coatings. The spectrum of
Co2p in Fig. 11b appears similar with the one in Fig. 11a while the O1s
peak representing the Oxide scales is completely engulfed in the O1s
peak stemming from O-related contaminants on the coating's surface
(Fig. 11b (O1s)). Overall, coatings sprayed at 240 m and at 120 mm, at
90°, appear to be broadly indiﬀerent in terms of superﬁcial oxidation.
In Fig. 11c (W4f) only the two peaks associated with WO3 (W4f7/2
and the W4f5/2 at 35.3 eV, and 37.4 eV respectively) are prominent
with a very weak third peak at 31.3 eV implying that virtually all of the
exposed WC on the as-coated surface has been covered with WO3. The
rest of the spectrums in Fig. 11c (O1s, Co2p) present peaks at the same
BEs as their corresponding spectrums in Fig. 11b. The coating sprayed
at 120 mm, 30° is shown to have suﬀered markedly more extensive
superﬁcial oxidation on the as sprayed coated surface in respect with
the coating sprayed at 90°, 120 mm.
It is thus, revealed that there is a transformative eﬀect of the spray
angle, but not of spray distance, on the oxide proﬁle on the as sprayed
coated surfaces. The reasons for this behavior undoubtedly depend on
the projection of the spray footprint shape on the coated surface, at
oblique angles and how that aﬀects the heat transfer between the spray
jet and the coated surface. Nevertheless, this phenomenon will be dis-
cussed in more detail, in future work. For the scope of this work, Fig. 11
proves that there are oxide scales developed in all examined coatings,
since there the boundary spray kinematic conditions were analyzed via
XPS and showed evidence of superﬁcial WO3 and CoWO4 oxides.
As the spray gun traverses over the target surface, the HVOF jet
blazes on the exposed surface of the previously deposited coating
heating it up to temperatures (> 950 K) [2] that will render it prone to
some oxidation, as per above. Beyond that, the trail of the moving spray
footprint (the just-deposited coating layer) experiences a secondary
cooling to room temperature [42] and during this cooling, the recently
deposited coating surface is temporarily hot enough to react with
oxygen. Regarding the post-impact oxidation of the splats, two me-
chanisms are at work. First, faster gun traverse speed results into lower
temperature of the spray footprint-trail area due to reduced heat
transfer from the HVOF jet. Essentially, the higher the gun traverse
speed, the less prone to oxidation the as-sprayed coating layer should
be. Secondly, the thickness of coating layer that is deposited per spray
pass is also reduced hyperbolically with increasing traverse speed as
Fig. 12. XRD patterns of coatings sprayed at a) 120 mm, all spray angles, b) 138 mm, all spray angles, c) 170 mm, all spray angles, d) 240 mm, all spray angles.
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shown in [16]. Thus, considering the through-thickness direction in the
coating, the frequency of the layers of coating that were exposed to the
oxidizing atmosphere when they were sprayed will rapidly increase
with higher traverse speed. Looking at Fig. 9c, the normalized fre-
quency of as-sprayed layers that is prone to some post-spray oxidation
rises linearly with increasing gun traverse speed. For a unit coating
thickness, at 2010 mm/s of gun traverse speed, the frequency of coating
layers that have been exposed to the blaze of HVOF jet (in the through-
thickness direction) will be almost four times as many as at 502 mm/s.
In that manner, the cumulative of O intake that takes place with each
spray pass is demonstrated in the cross-sectional images of the coatings
that are examined (Fig. 9a).
Oxygen measurements in the microstructure of coatings showed
dependence with the varying kinematic parameters, yet the inﬂuence of
gun traverse speed over the coated surface was remarkable. The eﬀect
of traverse speed in O uptake is irrelevant to the in-ﬂight reactions since
the dwell time of the particles in the HVOF jet remains the same, thus it
is solely due to oxidation occurring at and post-impact. Faster passes of
the spray gun over the coated surface induce signiﬁcant increase in O in
the coating which seems counter intuitive since the heat exchange is
limited with the faster gun movement. It is shown that the increased O
in the coatings sprayed at faster gun traverse speeds is due to the cu-
mulative superﬁcial oxidation occurring shortly after the splat forma-
tion on the exposed coating surface. Higher gun traverse speeds result
to more passes needed to deposit a coating of unit thickness, which
results to more total surface prone to superﬁcial oxidation.
3.5. Phase composition and decarburization
In Fig. 12 the XRD patterns of coatings sprayed at all the examined
angles are presented at spray distances of 120 mm (Fig. 12a), 138 mm
(Fig. 12b), 170 mm (Fig. 12c) and 240 mm (Fig. 12d). Patterns from the
rotational experiment and the experiments probing into traverse speed
are not presented since it was found that there was no visible inﬂuence
of traverse speed on the phase composition in the microstructures. In
the pattern of the starting powder (Fig.13), the only detectible intensity
peaks are related to WC and cubic cobalt, as expected. Also, the carbide
retention index for all the examined coatings and starting powder was
calculated using Eq. (2) [43] and can be seen in Table 4. This allowed
for a quantiﬁcation of the decarburization that the WC grains had un-
dergone in each coating.
=
+ +
I I
I I I
WC
WC W C W2 (2)
where:
IWC Intensity of the WC peak at 2θ= 35.6°
IW2C Intensity of the W2C peak at 2θ= 39.6°
IW Intensity of the W peak at 2θ= 40.2°
The WC phase is dominant in all coatings and the identiﬁed W2C, W
and nanocrystalized phases are in low levels, mostly due to the rela-
tively low process temperature and short stand-oﬀ distance, owning to
the axial powder injection away from the reaction zone in the
combustion chamber. Co peaks are not identiﬁed in any coating, sug-
gesting that most of Co is present in the Co-rich amorphous phase.
Following the same rationale as earlier, any diﬀerence that is seen in
the phase composition of the coatings in each of the subﬁgures of
Fig. 12, is a result solely of mechanisms governing particle impact at
diﬀerent oblique angles, since the spray distance was held constant.
Considering the coatings sprayed at 120 mm, the carbide retention
index is seen to decrease with oblique spray angles and the most no-
table decrease occurs from 45° to 30° (table 4). This trend can be re-
ﬂected in Fig. 12a, where the intensity of the W2C and W peaks are
intensiﬁed with oblique spray angles, up to 30°. Furthermore, it is in-
teresting that while the W2C peak can be seen in coating sprayed at 90°
(Fig. 12a), it seems to be gradually surpassed by the W peak, as the
spray angle gets more oblique. The same observations can be made for
the coatings sprayed at 138 and 170 mm (Fig. 12b, c). Yet, at these
distances the decrease of the WC retention index from 45° to 30° is
much more intense than the 120 mm case. The coating sprayed at
170 mm, 30° appears to have the lowest WC retention index of all the
samples. Moreover, at 138 and 170 mm, the W2C and W peaks are
notably more evident in all patterns (Fig. 12b, c) versus the 120 mm
case (Fig. 12a). In addition, the intense decline of the WC retention
index that is seen for coatings sprayed at 120, 138 and 170 mm, from
45° to 30°, is always accompanied by a general intensiﬁcation in the
signal intensity in the region of 2θ= [40°–47°]. This hump has been
previously identiﬁed and discussed by many authors [2,3,22,25,44–47]
and is related to an amorphous or nanocrystalized phase comprising of
Co and W and C. This phase is the result of the diﬀusion of W and C into
the binder phase during the ﬂight of the particle and the subsequent
Fig. 13. XRD pattern of the WC-17Co starting powder.
Table 4
Carbide retention index.
Stand-oﬀ
Distance (mm)
Spray angle (deg.) Carbide retention index (%)
120 90° 94
120 75° 93.8
120 60° 93.5
120 45° 92.4
120 30° 89.6
138 90° 94
138 75° 93.8
138 60° 92.5
138 45° 91.6
138 30° 87.4
170 90° 93
170 75° 92.5
170 60° 92.2
170 45° 91.7
170 30° 85.7
240 90° 91.7
240 75° 90
240 60° 91
240 45° 90
240 30° 88
WC-17Co Powder 97.2
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rapid crystallization that occurs at impact. The increase of the hump
intensity in Fig. 12a is an indication that there is preferential deposition
of the Co-rich binder versus WC grains with oblique spray angles. In
that way, their relative fraction in the microstructure is changed fa-
voring the amorphous phase and it becomes increasingly more visible
in the normalized XRD patterns as the spray angle approaches 30°. This
is conﬁrmed by the binder mean free path results (Fig. 3) as well as by
looking at the depletion of large WC grains in the microstructure of
coatings sprayed at 30° versus 90°, at 120 mm, seen in Fig. 4d-f. The
aggressive depletion of WC at short distances associated with oblique
spray angle (Fig. 4d–f) also explains the more intense W peak versus the
W2C peak that is seen in the coatings sprayed obliquely, at 120 mm
(Fig. 12a). In other words, at short spray distances and extreme spray
incidence angles, the ratio of oxidisable binder containing metallic W to
decarburized WC grains is overwhelming towards the preferentially
deposited binder.
At 240 mm of spray distance, the degrading eﬀect of oblique spray
angle is active but seems to be less evident since all the coatings appear
to have similar WC retention index values. Indeed, the W2C, W peak
intensities progression with spray angle in Fig. 12d, indicate resembling
phase compositions, irrelevant of the spray angle. Regarding the eﬀect
of spray distance, generally, longer distances yield lower WC retention
index values, as expected. However this does not apply in the extreme
spray angle of 30°, where coatings sprayed at 138 and 170 mm appear
to have lower WC retention index than the respective coating sprayed at
240 mm. This can be explained by the increased retention of WC grains
that occurs at extreme spray angles and at 240 mm of spray distance
(due to easier particle deformation), versus 170 and 138 mm as in-
dicated by the WC Vol% (Fig. 2) and binder mean free path (Fig. 3a).
It can be said the for all the spray distances, the apparent fraction of
phases such as W2C, Co-rich amorphous and metallic W in micro-
structure is increased as the spray angle gets more oblique. As discussed
earlier, this is attributed to the progressive rebounding of WC-rich, low
temperature particles, or fractions of particles, that impinge onto the
target surface with increasing oblique spray angle. Some authors [3,47]
experimenting with APS and analyzing the sprayed powder particles,
have established that decarburization and phase changes in WC-Co
coatings occur in two stages, in-ﬂight and at coating formation stage.
From the XRD results it is seen that the spray angle favors the deposi-
tion of Co-rich softened binder (along with decarburized small WC
engulfed in it) versus pure WC or WC clusters (Fig. 6). However, spray
angle and traverse speed are also expected to aﬀect the heat exchange
rate between the HVOF jet and the coated surface, resulting in diﬀerent
surface temperatures and cooling rates, which could potentially inﬂu-
ence the extent of post-impact decarburization. Yet, the dominant me-
chanism of post-impact decarburization in HVOF coatings is via WC
rebounding, as shown by [26,27] due to (i) the reduced deposition
temperatures, which result to very fast splat solidiﬁcation rates and (ii)
the high velocity of the impinging particles. The dominant role of WC
rebounding in HVOF [26,27] is conﬁrmed in this work. Thus, it seems
that the in-ﬂight stage dictates the extent WC thermal dissolution.
Samples sprayed at 120 mm and 138 mm did not present any sites
with intense WC dissolution under the high-resolution SEM examina-
tion. At these short distances, only very small powder particles are
prone to in-ﬂight decarburization and their existence becomes apparent
in the microstructure only at very oblique angles (Fig. 12a, b) due to the
preferential rebounding of larger solid WC clusters and particles. In
Fig. 14 two decarburized sites from coatings sprayed at 240 mm (a) and
170 mm (b) are presented. In both cases, WC grains are partially sur-
rounded by an irregular W2C phase that has nucleated at the WC in-
terface and precipitated grains of metallic tungsten exist between the
W2C and the splat boundary. These phases have been regularly iden-
tiﬁed and discussed in relevant literature [2,3,22,25,29,44–47].
The occurrence of metallic W has been associated directly with
oxidation [2,44] and its location (close proximity with the splat
boundary and a severely decarburized side of a neighboring WC grain)
conﬁrms the established dissolution-oxidation mechanism [2,3,25]. In
short, the dissolution of WC grains that are located in close proximity of
the particle interface with the hot jet is notably accelerated, compared
with WC grains embedded deeper inside the binder. This occurs due to
the faster removal of C at the interface with the hot gas which yields
accelerated diﬀusion conditions to the closest WC grains. Yet, even
though there is eﬃcient depletion of C at the exposed interphase due to
oxidation, the diﬀused W is accumulated close to the oxidation front. In
that manner, a local atomic bias towards W is created in a zone adjacent
to the binder-HVOF jet interphase which, under the appropriate ther-
modynamic circumstances, will favor the nucleation of metallic W.
Still, the exact occurrence of the conditions for W crystallization is
not established yet. Some authors working on HVOF and atmospheric
plasma sprayed WC-Co suggest that nucleation of W initiates during the
solidiﬁcation of impacted particles ([25,47] respectively), while others
[2] working on HVOF, support that it occurs during the ﬂight of par-
ticles, based on decrease of peripheral temperature of the particle in
ﬂight [48].
The object of Fig. 15 is to present the microstructural features of
metallic W that was sometimes observed in small splats that pre-
sumably originated from the impact of very small powder particles.
Surprisingly, Fig. 15a, b exhibits a small splat where the precipitated
metallic W forms a continuous rim along the splat boundary of ap-
proximately 100 nm thickness. Fig.15c presents the same W-rim struc-
ture being part of a larger splat, in this case, only a fraction of the total
splat boundary presented such W structure. Usually, in larger splats, the
W grains are precipitated, close to the splat boundary in the expected
high-aspect ratio arbitrary shape [2]. For the identiﬁcation of the thin
W-rim in Fig. 15a, b, d the energy of EDS was lowered to 5 kV (char-
acteristic X-ray energy M of W is 1.774 eV) so that the interaction vo-
lume of the X-ray would be minimized intending to increase the accu-
racy of the point measurements. The resulting compositions were
around 76–78 at% W, 9–12 at% O, 5–6 at% Co and the balance carbon.
In addition, EDS mapping at the same energy (5 kV) was employed in
eﬀort to locate spatially the various elements around the W rim
(Fig. 16). It is seen that O captured by the point EDS measurements
originates from the adjacent splat boundary and the Co from the
neighboring binder, conﬁrming that the rim structure is in fact metallic
tungsten. Splat boundaries that are rich in oxygen are also observed by
[2], where WC-Co coatings are HVOF sprayed.
The fact that in Fig. 15a, b, continuous W rims are observed to exist
in the periphery of very small powder particles supports the theory that
they are formed in-ﬂight, due to cooling [2] for two reasons. First, the
isometric peripheral structure of W (Fig. 15a, b, d) suggests that it was
formed concurrently, in an isostatic process which could be true only
during the in-ﬂight state of the particle. Secondly, intense in-ﬂight
oxidation [49,50] and volatile temperature ﬂuctuations [48,51,52]
which would enable in-ﬂight cooling are expected in very small powder
particles or peripheral protrusions/local porosity of larger particles for
the same reason which is high speciﬁc surface area exposed to the gas.
It is, therefore, revealed that metallic W structures like the ones seen in
Fig. 15c or in [2] are in fact the remains of continuous W rims (Fig. 15a,
b, d) that have broken at splat formation and mixed with the binder
phase. Larger particles deform more intensely upon impingement than
smaller ones and therefore they tend to break any W rim that has
formed on their periphery. These W-rim formations have been identi-
ﬁed in coatings that are sprayed at 240 mm spray distance, for all spray
angle. However, as for the arbitrary metallic W structures that are seen
to exist at some distance to the splat boundary (Fig. 14a, b), the stage of
their nucleation remains unclear.
In addition, in Fig. 15d a region in the Co-rich binder with dispersed
nano-porosity is apparent. The origin of this porosity is assumed to be
from the reaction products of carbon and oxygen that diﬀused in the
liquid binder phase during the ﬂight of the particle. A similar ob-
servation was made in [47] with plasma sprayed WC-Co.
In the above section the XRD patters suggest a progressive
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intensiﬁcation of amorphous phases and W, C and Co based dissolution
products with increasingly oblique spray angles. This can be explained
by the preferred deposition of the softer binder phase (containing the
WC dissolution products) at oblique particle impacts due to the easier
plastic deformation. This phenomenon occurs at all spray distances but
is mostly evident in short SoDs. In addition, SEM observations of dec-
arburized sites revealed rim-shaped metallic W grains that follow the
splat boundary, beyond the expected arbitrary worm-shaped metallic
W. This morphology supports the hypothesis that metallic W crystalised
during the ﬂight of the particles, due to local high concentrations of W
and in-ﬂight temperature ﬂuctuations that result in local cooling.
4. Conclusions
WC-Co coatings have been HVOF sprayed in variety of spray
kinematic parameters and a detailed analysis of their microstructural
features and phases has taken place. Generally, oblique spray angles
induce a progressive depletion of WC grains from the microstructure via
preferential rebounding at impact. At short stand-oﬀ spray distances,
when the majority of powder particles imping in a solid state, a me-
chanism of particle partition and preferential rebounding of whole WC-
clusters is proposed. This mechanism is most notably manifested at
spray angles below 45°. The eﬀects of WC-cluster rebounding are: (i)
acute reduction of overall WC Vol% for spray angles below 45°, (ii)
acute increase of the binder mean free path for spray angles below 45°,
(iii) greater loss of large WC grains at oblique spray angles versus the
longer spray distances, (iv) more severe reduction in coating deposition
rate at these angles versus longed spray distances, as observed in [16].
Finally, it was revealed that even slight oblique spray angles (75°) lead
to a notable improvement in the WC grain distribution in the
Fig. 14. SEM backscatter images a) Decarburized WC from coating sprayed at 240 mm, 45, 502 mm/s. Metallic W found between the W2C and the splat boundary. B) Decarburized WC
from coating sprayed at 170 mm, at 45, at 1005 mm/s. Preferential W2C growth towards the splat boundary.
Fig. 15. All subﬁgures feature intensely decarburized sites from coatings sprayed at 240 mm, 30°, 2010 mm/s a) (secondary electrons image) intensely decarburized small splat. Metallic
W rim is formed along the splat boundary. b) (secondary electrons image) Detail of (a), c) (backscattered electrons image) metallic W found close to splat boundaries, d) (backscattered
electrons image) Metallic W rim found at the splat boundary along with nano-porosity due to oxidation products in the Co-rich binder phase.
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microstructure in coatings sprayed at long standoﬀ-distances. In turn,
this leads to an improvement in the binder mean free path. Similar
improvements are expected in all thermal spray processes where a
composite agglomerated powder is used and the particles are expected
to impinge in a two-phase state, at slightly oblique spray angles. Gun
traverse speed does not appear to inﬂuence the WC retention and dis-
tribution.
Oxygen content in the coatings is found to be positively correlated
with oblique spray angles via preferential deposition of the softer and
more oxidizable binder phase of particles versus larger WC grains. In
addition, oxygen content in the coatings is positively correlated with
the gun traverse speed due to low temperature oxidation (< 1000 K) of
the exposed coating surface that is formed immediately post splat for-
mation, as the HVOF ﬂame traverses over the coated surface. Higher
traverse speed results in higher frequency of spray passes for a unit of
coating thickness and thus more cumulative surface area prone to low
temperature oxidation.
Metallic W structures are always seen to exist between decarburized
W2C and splat boundaries, this conﬁrms the established mechanism of
oxidation-decarburization of thermally sprayed WC-Co. Unexpectedly,
it was found that, sometimes, in very small splats, metallic tungsten is
seen to form a continuous rim of thickness 100 nm adjacent to the splat
boundary. This supports clearly the hypothesis that it was crystalized
in-ﬂight, due to peripheral cooling of the particle. Small powder par-
ticles are expected to experience a volatile temperature proﬁle in-ﬂight.
The same phenomenon occurs also in larger particles, selectively in
peripheral regions with high speciﬁc surface area but the W rim breaks
up upon particle impingement due to the more intense deformation,
versus small particles.
In light of the microstructural observations and the phase
composition of the coatings examined in this work and the mechanical
properties and porosity discussed in [16], it is concluded that spray
angles up to 75° have negligible eﬀect on coating quality. Furthermore,
when distances are long enough to allow for signiﬁcant two-phase
particle impact, the 75° spray inclination proved to be beneﬁcial on
mechanical, microstructural and deposition eﬃciency aspects of the
coatings. The deterioration of coatings progresses with more oblique
spray angles, irrelevant of spray distance. The shorter the spray dis-
tance, the more prominent is the eﬀect of spray angle because the
coating build-up is highly dependent on the normal velocity component
of impinging particles. This suggests that at long spray distances (when
HVOF is used) or in processes that yield higher deposition temperatures
(e.g. plasma based) the eﬀect of spray angle does not dominate the
coating quality.
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